Abstract Sodic amphiboles in high pressure and ultrahigh pressure (UHP) metamorphic rocks are complex solid solutions in the system Na 2 O±MgO±Al 2 O 3 ±SiO 2 ± H 2 O (NMASH) whose compositions vary with pressure and temperature. We conducted piston-cylinder experiments at 20±30 kbar and 700±800°C to investigate the stability and compositional variations of sodic amphiboles, based on the reaction glaucophane 2jade-ite+talc, by using the starting assemblage of natural glaucophane, talc and quartz, with synthetic jadeite. A close approach to equilibrium was achieved by performing compositional reversals, by evaluating compositional changes with time, and by suppressing the formation of Na-phyllosilicates. STEM observations show that the abundance of wide-chain structures in the synthetic amphiboles is low. An important feature of sodic amphibole in the NMASH system is that the assemblage jadeite±talc quartz does not ®x its composition at glaucophane. This is because other amphibole species such as cummingtonite (Cm), nyboÈ ite (Nyb), Al±Na-cummingtonite (Al±Na-Cm) and sodium anthophyllite (Na-Anth) are also buered via the model reactions: 3cummingtonite + 4quartz + 4H 2 O 7talc, nyboÈ ite + 3quartz 3jadeite + talc, 3Al±Na-cummingtonite + 11quartz + 2H 2 O 6jadeite + 5talc, and 3 sodium anthophyllite + 13quartz + 4H 2 O 3 jadeite 7talc. We observed that at all pressures and temperatures investigated, the compositions of newly grown amphiboles deviate signi®cantly from stoichiometric glaucophane due to varying substitutions of Al IV for Si, Mg on the M(4) site, and Na on the A-site. 
Abstract Sodic amphiboles in high pressure and ultrahigh pressure (UHP) metamorphic rocks are complex solid solutions in the system Na 2 O±MgO±Al 2 O 3 ±SiO 2 ± H 2 O (NMASH) whose compositions vary with pressure and temperature. We conducted piston-cylinder experiments at 20±30 kbar and 700±800°C to investigate the stability and compositional variations of sodic amphiboles, based on the reaction glaucophane 2jade-ite+talc, by using the starting assemblage of natural glaucophane, talc and quartz, with synthetic jadeite. A close approach to equilibrium was achieved by performing compositional reversals, by evaluating compositional changes with time, and by suppressing the formation of Na-phyllosilicates. STEM observations show that the abundance of wide-chain structures in the synthetic amphiboles is low. An important feature of sodic amphibole in the NMASH system is that the assemblage jadeite±talc quartz does not ®x its composition at glaucophane. This is because other amphibole species such as cummingtonite (Cm), nyboÈ ite (Nyb), Al±Na-cummingtonite (Al±Na-Cm) and sodium anthophyllite (Na-Anth) are also buered via the model reactions: 3cummingtonite + 4quartz + 4H 2 O 7talc, nyboÈ ite + 3quartz 3jadeite + talc, 3Al±Na-cummingtonite + 11quartz + 2H 2 O 6jadeite + 5talc, and 3 sodium anthophyllite + 13quartz + 4H 2 O 3 jadeite 7talc. We observed that at all pressures and temperatures investigated, the compositions of newly grown amphiboles deviate signi®cantly from stoichiometric glaucophane due to varying substitutions of Al IV for Si, Mg on the M(4) site, and Na on the A-site. The deviation can be described chie¯y by two compositional vectors: [ ) Mg VI ] toward cummingtonite. The extent of nyboÈ ite and cummingtonite substitution increases with temperature and decreases with pressure in the experiments. Similar compositional variations occur in sodic amphiboles from UHP rocks. The experimentally calibrated compositional changes therefore may prove useful for thermobarometric applications.
Introduction
High pressure metamorphic belts play an important role in deciphering the evolution of collisional orogens and the Earth's volatile budget (Maruyama et al. 1996) . Most of the information is gathered from relict mineral assemblages, which often represent a remnant of an earlier high pressure/low temperature stage and are found as eclogites and blueschists. The latter are commonly regarded as``hydrous'' rocks because they contain H 2 O-bearing phases like glaucophane, paragonite, clinozoisite, and lawsonite, whereas eclogites are often considered to be``dry'' rocks containing anhydrous minerals like garnet, omphacite, quartz, rutile, and kyanite (Carswell 1990 ). However, hydrous minerals such as phengite, epidote, and amphibole are also found in crustal eclogites, and experimental investigations of the system basalt±H 2 O show that hydrous minerals are stable to 25 kbar at temperatures of 600±800°C (Essene et al. 1970; Pawley and Holloway 1993; Liu et al. 1996) . These observations suggest that hydrous minerals provide an important record of the transport and liberation of¯uids in deep environments. One of the most important hydrous minerals in high-pressure rocks is sodic amphibole. The stability of glaucophane at low temperatures and high pressures provides the basis for the de®nition of the blueschist facies in ma®c bulkcompositions. In addition, recent observations of glaucophane [hNa 2 Mg 3 Al 2 Si 8 O 22 (OH) 2 ] and nyboÈ ite [NaNa 2 Mg 3 Al 2 Si 7 AlO 22 (OH) 2 ] in high and ultra-high pressure rocks from the Western Alps and China indicate that sodic amphiboles are also stable up to very high pressures (>25±30 kbar) and temperatures (600± 800°C). In general, this agrees with previous experimental investigations on glaucophane (Maresch 1973 (Maresch , 1977 Koons 1982; Carman and Gilbert 1983; Pawley 1992; Welch and Graham 1992) ; however, in detail, the compositions of both the synthetic and the natural amphiboles deviate signi®cantly from stoichiometric glaucophane. Explanations for this behavior and its implication for metamorphic conditions remain elusive.
Although there have been numerous studies of the stability of glaucophane (Ernst 1961; Maresch 1973 Maresch , 1977 Koons 1982; Carman and Gilbert 1983; Pawley 1992; Welch and Graham 1992) , determination of the composition of experimentally grown amphiboles has been hampered by the small grain size of the run products. Almost all previous studies used gel mixtures as starting materials and electron microprobe analyses and X-ray diraction (XRD) analysis suggest that the composition of the newly formed amphibole deviates signi®cantly from glaucophane end member composition. The XRD analysis of run products by Maresch (1973 Maresch ( , 1977 showed that amphibole composition from his experiments and the experiments of Ernst (1961 Ernst ( , 1963 are also displaced in composition, probably towards Na±Mg-cummingtonite (Na 2 Mg 6 Si 8 O 22 (OH) 2 ). Besides XRD work, only a few experimental studies on glaucophane stability in the system NMASH include electron microprobe analyses of the synthetic amphiboles (Koons 1982; Carman and Gilbert 1983; Pawley 1992) and only one study involves the systematic electron microprobe analyses of synthetic sodic amphiboles over a pressure±temperature range. Welch and Graham (1992) studied the stability of glaucophane analogs in the system Na 2 O±MgO±Al 2 O 3 ±SiO 2 ±SiF 4 (NMASF) and obtained systematic electron microprobe analyses of their run products with increasing pressure from 21 to 30 kbar at 800°C. These revealed an increase of tetrahedral Al and Na on the A-site (edenite substitution) in the amphiboles with decreasing pressure. They obtained limited data on the temperature dependency over a temperature interval of 50°C from 800 to 850°C at 27 kbar, which also indicated an increase of edenite substitution with increasing temperature.
The synthetic amphiboles from the experimental investigations mentioned above can be described chemically in NMASH, with amphibole components glaucophane (Gln), nyboÈ ite (Nyb), sodium anthophyllite (Na-Anth), cummingtonite (Cm), and Al±Na-cummingtonite (Al±Na-Cm) as shown in Table 1 . The names of the amphibole species are according to Leake et al. (1997) . Pawley (1992) (Fig. 1) . It is the aim of this study (1) to perform a systematic investigation of the compositional variation of sodic amphiboles in the NMASH system at high and ultra- Table 1 Formulas and abbreviations of amphiboles in the NMASH system. Names and abbreviations of amphibole species in the system Na 2 O±MgO±Al 2 O 3 ±SiO 2 ±H 2 O (NMASH) according to Leake et al. (1997 Glaucophane Jadeite Talc  1 Since this reaction is water conserving, it presents an ideal starting point for our investigation. Preliminary calculations using the database of Holland and Powell (1998) Table 2 ). The material is occasionally zoned with magnesian cores (Mg# 83) and more ferroan rims (Mg# 78) and often contains tiny (<5 lm) inclusions of quartz, allanite, and rutile. This sample is the same as used by Gillet et al. (1989) and Robie et al. (1991) for their heat capacity measurements and determination of S o 298 of glaucophane. The talc sample, from the mineral collection of the University of Michigan, is from Tumby Bay, South Carolina, and is almost pure (Mg# 99.8) with no F and very little Cl (<0.03 wt%). Jadeite synthesized by S.R. Bohlen was also used as a starting material. All starting materials have been analyzed with electron microprobe (Table 2 ). The starting materials were dried overnight at 120°C and stoichiometric mixtures according to reaction (1) were prepared with and without excess quartz. The quartz-bearing runs contained about 10 wt% excess quartz to ensure Si buering. Then the mixtures were ground in an agate mortar together with ethanol to achieve a very small grain size and high grade of sample homogenization.
Run procedures
Experiments were performed in a piston-cylinder apparatus at the Department of Earth and Space Sciences, University of California at Los Angeles (UCLA). For pressures of 20 kbar, 25.4 mm (1 inch) diameter furnace assemblies and pistons were used. All runs above 20 kbar were performed in a 12.7 mm (0.5 inch) assembly. The furnace is made of graphite and the pressure medium is NaCl (Bohlen 1984; Manning and Boettcher 1994) . In the 0.5-inch experiments, the NaCl plug on the bottom was replaced by a boron nitride (BN) plug. To minimize friction between the assembly and pressure vessel, lead foil was wrapped around the furnace assembly and the cylinder walls of the pressure vessel were lubri- Gillet et al. (1989) ; jadeite: synthetic jadeite from Liu and Bohlen (1995) (Mirwald et al. 1975) . Stoichiometric mixtures of the starting materials, according to reaction (1), with or without excess quartz or water, were sealed in a welded Ag 80 Pd 20 capsule of 2 mm diameter. In some experiments, two capsules, one quartz-bearing and one quartz-absent, were placed next to each other into the assembly. The capsules were placed horizontally in the furnace and surrounded by BN to reduce thermal gradients (Bohlen 1984) . Owing to the low Fe contents of the amphiboles, no hydrogen fugacity buer was used, except in one experiment for comparison. Temperatures were recorded with a Pt/Pt 90 Rh 10 thermocouple inserted vertically through a MgO tube positioned on the small Pt piece resting on the sample. This geometry prevented capsule puncture by the thermocouple. The temperature uncertainty in these runs is thought to be 5°C. Pressures were measured with a Heise gauge and the uncertainty is thought to be 0.1 kbar. The piston-in method was used in all experiments (Johannes et al. 1971) . First a pressure of approximately three-quarters of that to be maintained during the run was applied to the furnace assembly. Temperature was then increased to the desired value of the run over a period of approximately 10 min. Finally the pressure was increased to the desired value. Run duration ranged from 84 to 408 h, depending on the temperature and pressure conditions of the experiment (Table 3) .
Analytical methods
The run products were analyzed by powder X-ray diraction (XRD), scanning electron microscopy (SEM), electron microprobe analysis (EMPA), and one sample was investigated with a scanning transmission electron microscope (STEM). The run products were split for powder XRD and SEM±EMPA analysis. The XRD studies were performed using a conventional Norelco±Philips vertical diractometer with variable slit geometry. The rest of the run product was mounted in epoxy on a glass slide and subsequently polished. Electron microprobe analyses and SEM petrography were conducted with the Cameca CAMEBAX electron microprobe at UCLA. Analyses were obtained at 15 kV and 10 nA using a point beam.
The counting time was 20 s for the elements Si, Al, Mg, Na, Fe, and Ca, and 10 s for additional elements, such as K, Mn, Cr, and Ti. Natural and synthetic mineral standards were used and the raw data were reduced with a PAP-type correction provided by Cameca. Analytical standards include Gotthard adularia (K), New Idria jadeite (Si, Na), synthetic spessartine (Mn), and grossular (Ca, Al), synthetic chromite (Cr), natural hedenbergite (Fe), synthetic sphene (Ti), and Marjalahti olivine (Mg). Mineral formulas were calculated with the program MINFILE (A®® and Essene 1988). Scanning electron microscopy was also performed with the Cameca CAMEBAX electron microprobe at UCLA.
Sample preparation for STEM was done by grinding the run product in an agate mortar in methanol. This led to the suspension of disaggregated crystals, which were mounted onto a holeycarbon Cu grid by dipping it into the solution. Afterwards the sample was carbon coated. The STEM observations were obtained at the Department of Geological Sciences at the University of Michigan, using a Philips CM12 STEM, ®tted with a Kevex Quantum solid state detector. The STEM was operated at an accelerating voltage of 120 kV and a beam current of ca. 10 nA to obtain bright ®eld images and selected-area electron diraction (SAED) patterns. 
Results
Runs were made at 5 kbar and 50°C increments, starting at 700°C and 20 kbar, resulting in a total of eight distinct pressure±temperature conditions (Fig. 2) .
No run was performed at 800°C and 20 kbar because it is outside the stability ®eld of jadeite + quartz (Fig. 2) . All participating phases in the runs were checked with scanning electron microscopy to infer reaction directions. Powder XRD was mostly used for runs that contained excess H 2 O to check for the presence of Na-phyllosilicates, which showed a distinct peak at low 2Q in the pattern.
The use of excess H 2 O as a catalyst in the experiments results in two major problems:
1. Many previous experimental investigations (Maresch 1973 (Maresch , 1977 Koons 1982; Carman and Gilbert 1983) used excess H 2 O to increase reaction rates, but it led to the formation of a metastable Na-phyllosilicate. 2. Boettcher and Wyllie (1969) investigated the phase relations in the system NaAlSiO 4 ±SiO 2 ±H 2 O up to 35 kbar and showed that addition of H 2 O results in the formation of melts (Fig. 2) .
Because of these problems, two sets of water-absent glaucophane±jadeite±talc experiments were performed at 20±30 kbar and 700±800°C: quartz-bearing (GJTQ) and quartz-absent (GJT). The addition of quartz to one set of experiments was thought to be necessary after reviewing microprobe analyses of synthetic sodic amphiboles from the experimental investigations by Pawley (1992) and Welch and Graham (1992) . Their results showed a signi®cant amount of tetrahedral Al, suggesting that Si-undersaturation promotes Al IV substitution in sodic amphibole. Most runs were performed with stoichiometric mixtures of glaucophane, jadeite, and talc under H 2 O-absent conditions to minimize the growth of Na-phyllosilicates or formation of melts. The newly grown amphiboles form 3±10-lm-wide rims around the starting glaucophane crystals, or sometimes they seem to replace the glaucophane from the starting mixture (Fig. 3A) . These rims are wide enough to obtain reliable electron microprobe analyses. Only a few experiments were hampered by very low yields. This aected mostly the experiments at 700°C and 25 and 30 kbar. The experiment at 700°C, 30 kbar, was subsequently re-run for 408 h, but no newly formed amphiboles were found in the GJT experiment and only a very minor yield was found in the GJTQ experiment. In one experiment (run no. 9) a stoichiometric mixture of jadeite and talc with a few seeds of glaucophane was used. In all runs the modal amount of talc and jadeite strongly decreases due to the formation of amphiboles. In many runs above 750°C, the amount of talc decreased rapidly and in some of the runs at 750 and 800°C, talc completely disappeared, or partially reacted to form enstatite and quartz/coesite (Table 3) .
H 2 O-bearing runs Only two runs contained excess H 2 O (ca. 10 wt% ultrapure H 2 O). One GJT experiment (run no. 4) was performed at 700°C and 20 kbar where H 2 O was added to the starting material to investigate the extent of Naphyllosilicate growth, and the GJTQ experiment (run no. 179) was run at 700°C and 30 kbar where the presence of H 2 O was intended to increase the amphibole growth rate. The Na-phyllosilicate shows a distinct peak at 6.01°2Q in the XRD pattern, which corresponds to a d-value of 14.701 A Ê . This is similar to the d-value of the synthetic sodium phlogopite (14.868 A Ê ) synthesized by Carman (1974) . This phase has already been observed in the experiments by Maresch (1977) and Koons (1982) , but due to its ®ne-grained nature, no reliable electron microprobe analysis has been obtained. The textures in run no. 4 are very similar to the H 2 O-free runs and the (Holland 1980) ; (5) 2Tlc 3En + 2Qtz + 2H 2 O; (6) 2Tlc 3En + 2Coe + 2H 2 O; (7) 2Gln 4Jd + 3En + 2Coe + 2H 2 O. Reactions (1), (2), (3) and (4) are from Boettcher and Wyllie (1969) ; Qtz Coe (Bohlen and Boettcher 1982) ; reactions (5), (6), (7), and Gln 2Jd + Tlc are calculated with the program THERMOCALC v. 2.5 (Holland and Powell 1998) . Gln Glaucophane; Jd jadeite; Tlc talc; Coe coesite; Qtz quartz; hAb high albite; Ab: albite; E: enstatite; L melt newly grown amphiboles generally mimic the monoclinic symmetry of the starting material (Fig. 3B ), but the modal amount of Na-sheet silicates (15 A Ê phase) in the matrix increases in these runs. Despite adding H 2 O to run no. 179, only a very small amount of amphibole overgrowth occurred, whereas abundant Na-phyllosilicate formed in the experiment.
Equilibrium constraints
We evaluated the degree to which equilibrium was approached by: (1) utilizing dierent run times to characterize compositional changes with time, (2) performing compositional reversals, and (3) examining the microstructure of the newly grown amphiboles in one sample by STEM for the presence of chain-multiplicity faults or other structural defects.
Run times
Dierent run times were applied to GJTQ experiments at 750°C and 20 kbar and the results can be seen in Fig. 4A±D . The Al IV , total Al, total Mg, and Na A Fig. 3 A,B Back-scattered electron images of some run products from experiments at 20 kbar and 700°C. A Run no. 3 glaucophane + jadeite + talc; newly formed amphibole (Gln II) grows around glaucophane seeds (Gln I) and also seems to replace them, scale bar is 10 lm. B Run no. 4 glaucophane (Gln 1) + jadeite + -talc + H 2 O, the new amphibole (Gln II) mimics the monoclinic symmetry of the starting glaucophane, scale bar is 10 lm content of the amphibole hardly change with time above 110 h, but Al IV and total Al decrease below 110 h, although the scatter in total Al and Al (IV) as well does not permit a clear conclusion (Fig. 4B) . The compositions of the 48-h run also show the largest variations in total Al and total Mg content (Fig. 4B, C) . Run times on the order of 100 h are indicated to better approach equilibrium compositions. The amphiboles in these experiments do not have a sharp boundary between the starting amphibole and the newly grown rim, indicating a possible diusive re-equilibration between the two amphiboles. The latter feature was also frequently observed in the experiments at 750 and 800°C.
Compositional reversals
The experimental results from run times above 100 h reveal that the amphibole composition does not change signi®cantly, and therefore it needs to be determined whether or not these amphiboles have approached equilibrium. Therefore, two compositional reversal experiments were performed (Fig. 5A±D) . Compositional reversals, whereby two disparate mineral compositions converge to a common composition, were obtained in this study down to a temperature of 700°C. One GJT experiment was run at 20 kbar at 750°C for 288 h and then at 700°C for another 384 h (Fig. 5A, B) , and the other GJT experiment was also run at 750°C at 20 kbar for 288 h and then at 25 kbar for another 240 h (Fig. 5C, D) . Figure 5A , B shows that the amphiboles re-equilibrated at 700°C, which is indicated by the overlap of the Al IV and Na A values with the values from a previous experiment at 700°C (run no. 3). The agreement of these values, obtained after running for 384 h, with data from run no. 3, which lasted 84 h, suggests that the equilibrium composition was obtained in the 84-h experiment. This is important since these are the lowest pressure and temperature conditions of the investigation where one would expect the greatest chance of disequilibrium. Figure 5C , D shows that the Al IV and Na A values of amphiboles run at 20 kbar and then at 25 kbar are in very good agreement with the values obtained from a previous experiment at 25 kbar. These data indicate that the amphibole compositions are probably close to equilibrium compositions, although small variations in parameters such as Na A might still occur.
Amphibole microstructure
One sample (run no. 3, 700°C, 20 kbar) was examined by using STEM to evaluate the possibility of wide-chain structures, intergrown with the synthetic amphiboles. This sample was chosen because if any amphiboles show the open circles show the data from the experiment at 700°C and the ®lled diamonds show the data from the experiment at 750°C. The ®lled circles show the data from an experiment, which was ®rst run at 750°C and subsequently at 700°C; B Na A data; the symbols are the same as described in A; C Al IV data; the open circles show the data from the experiment at 25 kbar and the ®lled diamonds show the data from the experiment at 20 kbar. The ®lled circles show the data from an experiment, which was ®rst run at 20 kbar and subsequently at 25 kbar; D Na A data; the symbols are the same as described in A c wide-chain intergrowths it should be those grown at the lowest pressures and temperatures.
The images and diraction patterns were obtained at the rim of the amphibole crystals. To avoid beam damage, energy dispersive analysis (EDS) for composition was performed after imaging. The orientation of the selected area electron diraction (SAED) pattern of the newly formed amphibole is b*±c* and shows minimal streaking (Fig. 6A) . It was assumed that the cell dimensions of the synthetic amphiboles are similar to the cell dimensions of natural glaucophane and therefore the labels and indices of the diraction pattern are based on the re®ned cell dimensions of the glaucophane in the starting mixture, which were derived by a powder re®nement Our STEM data show minimal streaking along b*. Figure 6B shows a bright ®eld image of the same area. The synthetic amphibole shows a lattice fringe with a constant thickness of ca. 9 A Ê which is typical for glaucophane. Wide-chain complexities appear to be minimal. These observations are similar to results from other STEM investigations on synthetic sodic amphiboles. The STEM data on synthetic glaucophane from Koons (1982) show that the amphiboles from his study are well crystallized and contain only few wide-chain intergrowths. Additional STEM data on synthetic richterite are reported by . These synthetic amphiboles show no wide-chain complexities at all. Although synthetic amphiboles contain more wide-chain intergrowths than their natural counterparts, synthetic sodic amphiboles contain fewer stacking faults than amphiboles from other systems (Maresch and Czank 1983) .
Compositions of the newly grown amphiboles
The chemical compositions of representative amphibole analyses from each experiment are shown in Tables 4  and 5 IV substitution for Si (0.1±0.6 apfu) and the sum of total Al varies from 1.7 to 2.8 apfu and in most cases exceeds 2. The amphiboles also show an excess of Mg over ideal glaucophane: it varies between 3 and 4 apfu. The sum of total Na is in most cases lower than 2 (1.2±2.1 apfu), and considerable amounts of Mg and Fe 2+ (<0.4 apfu) are on M(4). The A-site has up to 0.5 Na apfu.
Compositional variations with increasing pressure and temperature Tables 4 and 5 and Fig. 7 , amphibole compositions in the GJT and GJTQ experiments vary strongly with both pressure and temperature.
As illustrated in

Si
The Si content of the amphiboles increases strongly in both sets of experiments with increasing pressure at 750 and 800°C (Fig. 7A, E ), but shows almost no variation at 700°C in the GJT experiments. In the GJTQ experiments there is a strong increase in Si in the experiments at 30 kbar. The Si content also decreases with increasing temperature at all pressures (Fig. 7A, E) .
Al
The total Al content decreases with increasing pressure at 750 and 800°C and remains constant at 700°C (Fig. 7B, F) . Increasing temperature leads to an increase at 20 and 25 kbar, but at 30 kbar no increase in total Al was observed in either set of experiments.
Mg
The total Mg content shows no clear correlation with increasing pressure in any of the two series of experiments at 700, 750, and 800°C (Fig. 7C, G) within uncertainty. The total Mg content increases with increasing temperature in both sets of experiments, except at 25 kbar in the GJTQ experiments.
Na
The Na content on the A-site decreases with increasing pressure at 750 and 800°C and decreases slightly in the experiments at 700°C (Fig. 7D, H) . Increasing temperature leads to an increase in the Na content on the A-site at 20 and 25 kbar (Fig. 7D, H) . At 30 kbar almost no variation is indicated by the data and Na A stays constant in both sets of experiments.
Minor elements
Unlike the major elements, minor elements show no consistent changes with either pressure or temperature. Where amphibole neoblasts form very thin rims (<3 lm), higher Fe 2+ contents (0.37±0.49 apfu; X Fe 0.10±0.14) are common. This aects mostly the GJT and GJTQ experiments at 700°C (25 and 30 kbar) and at 750°C (30 kbar). In one experiment (run no. 98 at 800°C, 30 kbar) where amphibole neoblasts form rims wide enough to perform reliable probe analysis, the high Fe 2+ content is probably caused by contamination of the starting assemblage by allanite or chlorite inclusions in glaucophane. In addition, as illustrated by Fig. 3 , textures of amphibole neoblasts may suggest that some of the newly formed amphibole replaced the glaucophane seeds in the starting assemblage, which could lead to a diusive uptake of Fe 2+ from the starting amphibole and might also explain higher Fe 2+ contents. The Ca and Ti contents in the newly grown amphiboles are low (0.02±0.06 and 0.01±0.02 apfu, respectively). One experiment (run no. 52) at 700°C and 30 kbar shows elevated Ca contents (0.06±0.11 apfu), which is probably caused by contamination by allanite inclusions or glaucophane of the starting assemblage. The Cr and Mn contents are always very low (<0.01 apfu).
Variation of coupled substitutions with pressure and temperature
The major changes in the composition of sodic amphiboles in the experiments occurs on the tetrahedral, octahedral, and A-sites. Amphibole compositions were therefore plotted in Al IV ±Al VI and Al IV ±Na A diagrams. Examples from the GJT experiments are shown in Fig. 8A±D . The Al IV , Al VI , and Na A values, and the 1r uncertainties of both sets of experiments (GJT, GJTQ) are given in Tables 4 and 5 .
Increasing temperature at constant pressure of 20 kbar leads to an increase in Al IV and therefore a substitution towards nyboÈ ite and Al±Na-cummingtonite in the Al IV ±Al VI diagram (Fig. 8A ). An Al IV ±Na A plot at 20 kbar also shows a clear increase in A-site occu- pancy with increasing temperature from 700 to 750°C (Fig. 8B) . The data at 700°C are on the ideal trend line towards nyboÈ ite, whereas the data at 750°C are displaced from this line towards higher Al IV values. Increasing pressure at 750°C in the GJT runs produced a trend from nyboÈ itic amphiboles towards glaucophanes in the Al VI± Al IV diagram (Fig. 8C) . The glaucophane-rich compositions at 30 kbar in Fig. 8C are slightly displaced towards cummingtonite, although the variation in total Mg with pressure in Fig. 7C , G do not indicate a systematic trend towards cummingtonite with increasing pressure. Increase in pressure at 750°C also leads to a decrease in Na A from 20 to 30 kbar, although (Fig. 8D) . The observed substitutions indicate that the substitution towards nyboÈ ite and Al±Na-cummingtonite is dominant with decreasing pressures and increasing temperatures. These substitutions are clearly visible in all GJT and GJTQ experiments and support the results of earlier experimental investigations by Carman and Gilbert (1983) , Pawley (1992) and Welch and Graham (1992) .
Overall, the data indicate that (1) the variation in the elements (Mg, Al) on the octahedral sites M(1,2,3) is greater than on the tetrahedral sites and A-site as seen in Fig. 7 , and (2) the Si content (and Al IV content) and Na A appear to be sensitive monitors of changes in pressure and temperature.
Although not plotted in Fig. 8 , GJTQ experiments show only slight dierences in substantial trends with varying pressure and temperature when compared to the GJT runs. The Al IV content in the GJT experiments at high temperatures (>750°C) is somewhat lower than in the GJTQ experiments, and the scatter IV plot of the data from the same experiments. The black diamonds in all diagrams represent the compositions of the starting amphiboles. The lr standard deviations have been omitted in these diagrams for clarity and can be found in Tables 4 and 5 in All reactions except (1) produce quartz or coesite; reactions (4) and (5) also release H 2 O, which might cause a small degree of melting, or the formation of metastable Na-phyllosilicates in the experiments. Many of the experiments at 750 and 800°C lack talc in the ®nal assemblage. The extent of Mg substitution in our experiments is also higher than expected, perturbing the preferred distribution of Na on the M(4) site as would be expected with increasing pressure (Laird 1982) . The instability of talc in some of the 750 and 800°C runs is explained by (1) The occurrence of small enstatite crystals and quartz in some experiments at these temperatures (Table 3) suggests that reaction (7) is initiated. Calculation of reaction (7) Comparison to natural amphiboles from UHP terranes Chopin (1986) and Schertl et al. (1991) reported Naamphibole inclusions in pyrope crystals from the Dora Maira Massif in northern Italy. They are considered to be part of the assemblage pyrope±kyanite±ellenberge-rite±Mg-chlorite, which probably formed at 30±35 kbar and 700±800°C. Later retrogression led to the formation of glaucophane along cracks and grain boundaries in garnet±jadeite±quartzite layers (Schertl et al. 1991) . The composition of the inclusions deviates considerably from glaucophane with excess Mg on the octahedral site (Table 6 ) and Al IV substitution for Si (Fig. 9A ), but almost no substitution on the A-site (Fig. 9B) , whereas glaucophane formed during retrogression is very close to its end member composition. In an Al VI ±Al IV plot the Na-amphiboles plot very close to our data from the GJTQ experiments at 750°C and 20 to 30 kbar, whereas in an Al IV ±Na A plot the data overlap only with the 30 kbar data since these amphiboles have almost no Na on the A-site. Zhang and Liou (1994) described``glaucophanic'' amphiboles from coesite-bearing eclogites from the Henan Province, central China. In contrast to Dora Maira, glaucophane occurs in the matrix that is part of the peak assemblage garnet±coesite±kyanite±omphacite± phengite±talc, which is stable at 31 kbar and 620 30°C. These amphiboles show signi®cant Al IV substitution for Si, less Al VI on the octahedral site, and increased A site occupancy (Fig. 9B, Table 6 ). Since the temperature of formation is much lower than in our experiments, a comparison of these data with our experimental results is not very reliable
In contrast to the previously mentioned localities, the Sesia±Lanzo Zone did not experience such high pressures and temperatures. Peak conditions are estimated to be between 15 and 21 kbar at ca. 500±600°C (Venturini 1995; Tropper 1998 ). The sodic amphibole described from this area is nearly end member glaucophane (Fig. 9A, B) .
Another sodic amphibole, nyboÈ ite, has also been found in rocks from some UHP terranes. NyboÈ ite has been described from the NyboÈ pod in Norway (Ungaretti et al. 1981) , the Donghai area in China (Hirajima et al. 1992) , and the Dora Maira Massif (Hirajima and Compagnoni 1993) . NyboÈ ites from China are thought to have formed under high pressure (20±28 kbar) and temperature (700±800°C) conditions, whereas those from Dora Maira formed under somewhat lower pressures and temperatures (12±15 kbar, 500±570°C). In an Al IV ±Al VI plot, the compositions of the nyboÈ ites actually plot close to the hypothetical Al±Na-cummingtonite end member due to a decrease in Al VI (Fig. 9A ) and the full occupancy of the A-site by Na (Fig. 9B) . Natural nyboÈ ites agree with the data of Pawley (1992) , since her experiments started out on a nyboÈ ite bulk composition. The synthetic amphiboles from our experiments show a compositional trend toward nyboÈ ite and Al±Na-cummingtonite, but even runs at 800°C did not yield such high nyboÈ ite contents as reported in the literature. This implies that formation of nearly pure nyboÈ ite likely requires dierent bulk composition than existed in our experiments (i.e., nearly pure glaucophane).
Thermobarometric applications
The Al content of calcic amphiboles has been recognized as an important parameter for using amphibole compositions as a pressure or temperature indicator. This observation is based on the empirical correlation between amphibole composition and metamorphic grade (Laird and Albee 1981) and on experimental investigations on calcic amphiboles (Maruyama et al. 1986; Johnson and Rutherford 1989; Jenkins 1994; Sharma 1996; Ernst and Liu 1998) . Since all previous experimental investigations deal with the compositional change of calcic amphiboles from tremolite towards hornblende compositions, or the substitution of a sodic amphibole component (glaucophane) in calcic amphiboles, our data represent the ®rst systematic experimental investigation on the behavior of sodic amphibole Zhang and Liou (1994) , (2) Okay (1993) ; (4, 5, 6) amphibole inclusions in pyrope from Dora Maira, Italy; (4, 5) analyses from (Schertl et al. 1991) ; (6) analysis from Chopin (1986); (7) secondary glaucophane from Schertl et al. (1991) ; (8) nyboÈ ite from NyboÈ , Norway, Ungaretti et al. (1981) ; (9, 10) nyboÈ ite analyses from Donghai Mts., China, Hirajima et al. (1992) ; (11, 12) nyboÈ ite analyses from Dora Maira, Italy (Hirajima and Compagnoni 1993) Figure 10 shows empirically ®t contours of Al IV isopleths over the investigated pressure±temperature space. The isopleths in both sets of experiments, GJT and GJTQ, are very steep at lower temperatures (<750°C) and curve towards shallow slopes at temperatures between 750 and 800°C. These isopleths represent a possible thermobarometer in the NMASH system at high pressures and temperatures. The use of them as a thermobarometer is probably hampered by the fact that the slope of the isopleths is strongly dependent on the associated mineral assemblage. The change in the slope of isopleths has not been investigated in the NMASH system so far, but experiments in other systems such as the NCMASH system (Sharma 1996) and the CMASH system (Jenkins 1994) clearly show the in¯uence of the buering assemblage on the slope of the isopleths. The pressure and temperature conditions of geologic environments containing sodic amphiboles represents another problem. Most sodic amphiboles occur at lower pressure (<15 kbar) and temperature (<600°C), which also leads to dierent solid solutions (e.g. crossite/riebeckite) than in our experiments. Therefore the isopleths in Fig. 10 are more important in terms of illustrating compositional trends associated with changes in pressure and temperature. The restricted observation of natural amphiboles from UHP terranes, especially from Dora Maira, allows a direct comparison, since their temperature of formation is similar to our experiments (700±800°C, >20 kbar). The glaucophane inclusions in pyrope contain 0.34 (0.1) apfu Al IV , which yields a pressure at 750°C of 27 2 kbar based on the isopleths from the GJTQ experiments in Fig. 10B .
The use of the chemical composition of the synthetic amphiboles as a quantitative indicator for pressure and temperature is somewhat uncertain because of (1) the dierence and complexity of the buering assemblage in the natural samples compared to our experiments, (2) the scatter in the data due to the formation of small amounts of melts and possible microdomains and contamination problems, and (3) the disappearance of talc in some of the experiments at 750 and 800°C, which leaves these experiments unbuered in terms of Mg.
Despite these uncertainties, the experimental data clearly demonstrate that the synthetic sodic amphiboles are displaced from stoichiometric glaucophane, similar to studies by Carman and Gilbert (1983) , Pawley (1992) , and Welch and Graham (1992) . Our results quantify this displacement in the NMASH system, and require a decrease in the activity of the glaucophane component in sodic amphiboles grown from the bulk composition hNa 2 Mg 3 Al 2 Si 8 O 22 (OH) 2 . This has implications for the thermodynamic data of glaucophane, which are derived from the locus of reaction (1). Any future experimental work on reaction (1) should include detailed microprobe analysis of the run products to correct for solid solutions in the experiments.
